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The Atg1-Atg13 Complex Regulates
Atg9 and Atg23 Retrieval Transport
from the Pre-Autophagosomal Structure
sequestration of the cargo by a cytosolic double-mem-
brane vesicle that delivers it into the lysosome/vacuole
interior for destruction (Ogier-Denis and Codogno, 2003).
The biogenesis and consumption of these vesicles can
be divided into at least four discrete steps: induction/
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cargo packaging, formation/completion, docking/fusion,of Biological Chemistry
and breakdown. The induction of vesicle formation isUniversity of Michigan
stimulated by cellular signals such as starvation. UponAnn Arbor, Michigan 48109
completion, the sequestering vesicle, called an autopha-
gosome, docks and fuses with the lysosome/vacuole. In
this way, the inner vesicle is released into the lysosome/Summary
vacuole lumen where it is finally consumed by hy-
drolases.To survive extreme environmental conditions, and in
The study of autophagy and its biosynthetic counter-response to certain developmental and pathological
part, the cytoplasm to vacuole targeting (Cvt) pathway,situations, eukaryotic organisms employ the catabolic
in the yeast S. cerevisiae has led to the identificationprocess of autophagy. Structures targeted for de-
of over 20 novel Apg/Aut/Cvt (recently renamed Atg;struction are enwrapped by double-membrane vesi-
Klionsky et al., 2003) components involved in the forma-cles, then delivered into the interior of the lysosome/
tion of double-membrane vesicles, several of which arevacuole. Despite the identification of many specific
specific for just one of these two processes. The supplycomponents, the molecular mechanism that directs
of membranes, fusion of double-membrane vesiclesformation of the sequestering vesicles remains largely
with the lysosome/vacuole, and degradation of the re-unknown. We analyzed the trafficking of Atg23 and
sulting intralumenal vesicles are additional steps essen-the integral membrane protein Atg9 in the yeast Sac-
tial for the normal progression of those two pathways,charomyces cerevisiae. These components localize
but these steps are catalyzed by factors that are sharedboth to the pre-autophagosomal structure (PAS) and
with other transport routes. As the Cvt pathway andother cytosolic punctate compartments. We show that
autophagy serve drastically different purposes, how-Atg9 and Atg23 cycle through the PAS in a process
ever, efficient regulatory mechanisms are required togoverned by the Atg1-Atg13 signaling complex. Atg1
ensure that the proper pathway functions at the correctkinase activity is essential only for retrograde trans-
time. One protein thought to be at the heart of the regula-port of Atg23, while recycling of Atg9 requires addi-
tory switch between the Cvt pathway and autophagy istional factors including Atg18 and Atg2. We postulate
the serine/threonine protein kinase Atg1/Apg1 (Matsu-that Atg9 employs a recycling system mechanistically
ura et al., 1997). The function of Atg1 in mediating thissimilar to that used at yeast early and late endosomes.
switch is unclear especially because it also acts at a
late stage of double-membrane vesicle biogenesis (Su-Introduction
zuki et al., 2001). Atg1 is presumably regulated through
protein-protein interactions, primarily with the phospho-Autophagy is a degradative process conserved among
protein Atg13/Apg13 (Funakoshi et al., 1997; Kamadaall eukaryotic cells and is required for the rapid degrada-
et al., 2000; Scott et al., 2000). During growth conditions,tion of large portions of the cytoplasm and unnecessary
Atg13 is hyperphosphorylated and has a low affinity for
or damaged organelles in the lysosome lumen. It has
Atg1. Upon a shift to starvation conditions, or when
long been known that this catabolic pathway is essential
starvation is mimicked by rapamycin treatment, Atg13
to generate an internal pool of nutrients that permit cells is rapidly dephosphorylated, resulting in a higher affinity
to survive during prolonged periods of starvation. Impor- for Atg1. Interaction of these two proteins may modulate
tantly, recent studies have revealed that autophagy ac- Atg1 kinase activity (Abeliovich et al., 2003; Kamada et
tively participates in other cellular processes such as al., 2000; Scott et al., 2000). Furthermore, Atg1 and Atg13
development, cellular differentiation and rearrangement, have been reported to interact with multiple proteins
aging, leaf senescence, elimination of aberrant struc- such as Atg11/Cvt9, Atg17/Apg17, and Vac8 that are
tures, and type II programmed cell death, as well as specific for either the Cvt pathway or autophagy (Ka-
contributing to the cell’s defense against viruses and mada et al., 2000; Kim et al., 2001; Scott et al., 2000).
tumors. Consequently, defects in this protective barrier Most of the Atg components appear to be primarily
correlate with a growing list of mammalian diseases, restricted to the pre-autophagosomal structure (PAS),
including cancer, neurodegenerative disorders such as the potential site of organization for Cvt vesicle/auto-
Huntington’s, Parkinson’s, and Alzheimer’s diseases, phagosome formation (Kim et al., 2002; Suzuki et al.,
and cardiomyopathies (reviewed in Klionsky, 2004; Kli- 2001). However, the transmembrane protein Atg9/Apg9,
onsky and Emr, 2000; Ogier-Denis and Codogno, 2003). essential for Cvt vesicle and autophagosome formation,
The main morphological feature of autophagy is the and the peripheral membrane protein Atg23/Cvt23 are
distributed in several subcellular punctate structures
only one of which colocalizes with the PAS (Noda et*Correspondence: klionsky@umich.edu
1These authors contributed equally to this work. al., 2000; Tucker et al., 2003). In this paper, we have
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investigated the relationship between these two protein
populations. We discovered that Atg9 and Atg23 cycle
between the PAS and the dispersed punctate structures
in a process dependent on the Atg1-Atg13 signaling
complex. This complex alone is sufficient to organize
the proper trafficking of Atg23 but not that of Atg9. In
particular, the retrieval transport of this protein requires
the generation of phosphatidylinositol-3-phosphate
(PtdIns(3)P) by the PtdIns 3-kinase complex I. The pres-
ence of this lipid triggers the sequential recruitment of
Atg18/Cvt18 and Atg2/Apg2 that allows Atg9 to leave
the PAS. This model is reminiscent of protein recycling
from yeast early and late endosomes.
Results
Atg23 and Atg9 Cycle through the PAS in a Manner
Dependent on Atg1-Atg13
A common feature of most proteins that are specifically
involved in autophagy and/or the Cvt pathway is their
localization to the punctate, perivacuolar PAS. The func-
tion of the PAS is not known but it has been implicated
in the formation of Cvt vesicles and autophagosomes
(Kim et al., 2002; Suzuki et al., 2001). Initial analyses of
GFP-Atg9 revealed an additional localization beyond the
PAS (Kim et al., 2002; Noda et al., 2000). Those studies
relied on overexpressed protein, however, and the pop-
ulation of Atg9 not found at the PAS was thought to be
the result of the abnormally high protein level. Subse-
quent analyses using chromosomally tagged Atg9 re-
vealed that the protein normally maintains both PAS Figure 1. Atg9 and Atg23 Display a Unique Subcellular Distribution
and non-PAS populations (Tucker et al., 2003; Figure 1). FRY134 (Atg9-YFP CFP-Atg8) cells, and the KTY26 (Atg23-YFP)
Recently, we identified one additional protein that dis- strain transformed with the plasmid expressing CFP-Ape1, were
plays a similar phenotype, Atg23 (Tucker et al., 2003; grown to OD600  0.8, and FM 4-64 was added to the culture medium
for 15 min. Cells were then collected, incubated in the same mediumFigure 1). Attempts to resolve the two populations of
without FM 4-64 for an additional 30 min to chase the dye, andAtg23 or Atg9 by subcellular fractionation and density
finally imaged with a fluorescence microscope. DIC, differential in-gradient analysis were unsuccessful, suggesting that
terference contrast.
the two populations of these proteins may have similar
densities (Tucker et al., 2003). Nonetheless, the unique-
ness of the Atg23 and Atg9 localization pattern relative
autophagy pathways affected the subcellular distribu-to other Atg proteins led us to investigate potential inter-
tion of these proteins.actions between these two proteins.
Most mutants that we examined had no effect onAtg9 is the only characterized integral membrane pro-
the localization of Atg9 or Atg23 (data not shown). Intein that is essential for the formation of Cvt vesicles
contrast, a striking redistribution in the localization ofand autophagosomes. While it partially localizes to the
both Atg23-YFP and Atg9-YFP was seen in mutantsPAS and is needed for vesicle formation, it is absent
deleted for ATG1 (Figure 2A). In atg1 cells, both Atg23from the completed vesicles (Kim et al., 2002; Noda et
and Atg9 are restricted to the PAS as indicated by co-al., 2000; Suzuki et al., 2001), indicating that it is retrieved
localization with CFP-Atg8/Aut7 or CFP-Ape1. Reintro-prior to the fusion of those vesicles with the vacuole.
ducing plasmid-based Atg1 restored normal localizationWhile protein retrieval via retrograde transport is com-
of the proteins, indicating that the redistribution was duemon in all characterized vesicle transport pathways,
to the ATG1 deletion (data not shown). This localizationthere is as yet no evidence that such a process takes
pattern was identical during both growth and starvationplace in the Cvt/autophagy pathways. We hypothesized
conditions (data not shown).that Atg9 is retrieved directly from either the PAS or
The Atg9-YFP and Atg23-YFP chimeras expressedcomplete autophagosomes, and were interested in de-
under the control of their own promoters generate weaktermining whether any of the known genes relevant to
fluorescent signals. When the ATG1 deletion was intro-the pathway are important in this cycling. Atg23 is a
duced in the same strains, the single punctate structureperipheral membrane protein, but because it has an
obtained was very bright. This observation suggestedidentical localization pattern to Atg9 (Tucker et al., 2003),
that the Atg9 and Atg23 populations localizing to theit was included in our analysis. We first decided to ana-
peripheral punctate structures accumulated at the PASlyze the localization of fluorescent-tagged Atg23 and
and were not degraded. To verify that these peripheralAtg9 in a variety of mutant backgrounds to determine
whether other proteins that participate in the Cvt/ protein pools were not rapidly degraded in the absence
Atg9 and Atg23 Cycling
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Figure 2. Atg9-YFP and Atg23-GFP Cycle
through the PAS in an Atg1- and Atg13-
Dependent Fashion
(A) ATG1 deletion causes Atg9 and Atg23
accumulation at the PAS. The atg1 strains
expressing either Atg9-YFP (FRY138) or
Atg23-YFP (KTY93) and transformed with
plasmids expressing CFP-Atg8 and CFP-
Ape1, respectively, were grown to OD600 
0.8 and then imaged with a fluorescent micro-
scope.
(B) Atg9 and Atg23 are not rapidly degraded
in atg1 cells. Cell extracts obtained from
wild-type (KTY74) and atg1 (KTY79) strains
expressing both Atg9-PA and Atg23-HA were
resolved by SDS-PAGE and blotted and the
membranes probed with antibodies or antise-
rum against PA, HA, and Pgk1.
(C) Atg9 and Atg23 localization is affected in
the atg13 strain but not in mutants deleted
for the other Atg1-interacting factors. Inte-
grated Atg9-YFP and Atg23-GFP chimeras
were analyzed as in (A) in the following dele-
tion strains: atg13 (KTY90 and KTY45),
atg11 (KTY53 and KTY34), vac8 (KTY55
and KTY43), and atg17 (KTY89 and KTY92).
of Atg1, we analyzed Atg9 and Atg23 levels in both wild- 2000). Accordingly, we also analyzed the localization of
Atg23-GFP and Atg9-YFP in mutants deleted for thesetype and atg1 cells comparing them to those of Pgk1,
an abundant cytosolic protein. As shown in Figure 2B, Atg1-interacting proteins (Figure 2C). Atg9 and Atg23
were restricted to the PAS in atg13 mutants, but notAtg9, Atg23, and Pgk1 levels were essentially unaffected
by the ATG1 deletion, confirming our microscopy obser- in atg11, vac8, or atg17 mutants. We concluded
that the Atg1-Atg13 complex is required to regulate thevations that indicate that these two components are
concentrated at the PAS in atg1 cells. cycling of Atg9 and Atg23 through the PAS.
To demonstrate that the accumulation of Atg23 andAtg1 is a kinase that plays a central role in determining
the specific cellular response to nutrient conditions. Its Atg9 at this perivacuolar structure in atg1 cells is not
due to indirect, secondary effects from the chronic lossregulatory function seems to reside in its ability to bind
several other Atg components (Abeliovich et al., 2003; of the Atg1 protein, but rather a direct effect of its inacti-
vation, we took advantage of a temperature-sensitiveFunakoshi et al., 1997; Kamada et al., 2000; Scott et al.,
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allele of Atg1 (atg1ts) (Suzuki et al., 2001). We first ana- when cells were grown in rich medium, causing concen-
tration at the PAS in a similar manner to that observedlyzed prApe1 processing by pulse-chase radiolabeling
experiments in order to monitor the rapidity of atg1ts in atg1 cells (Figure 3C). Depriving cells of nitrogen
restored the normal Atg23 trafficking (Figure 3C). Weinactivation at the restrictive temperature. Wild-type
cells and the atg1 strain carrying the plasmid express- concluded that Atg9 retrieval transport from the PAS is
modulated by Atg1 independently from its kinase activ-ing atg1ts were grown overnight at 23C. Cells were
shifted to 37C for 10 min, pulse-labeled for 7 min, and ity. However, Atg1 kinase activity is required for the
correct Atg23 redistribution in rich medium but not whenthen subjected to a nonradioactive chase for 0 or 120
min at the same restrictive temperature. As a control, cells are nitrogen starved. We do not yet know if Atg1
phosphorylates Atg23.both strains were likewise labeled at permissive temper-
ature. Ape1 was immunoprecipitated from cell lysates
and resolved by SDS-PAGE. As expected, prApe1 was Atg2, Atg18, and the PtdIns 3-Kinase Complex I
processed in wild-type cells at either 23C or 37C, al- Are Required for Proper Atg9, but Not
though the extent of processing was substantially re- Atg23, Trafficking
duced at the lower temperature reflecting slower kinet- It has been shown that the peripheral protein Atg2 re-
ics (Figure 3A). The analysis of prApe1 in the strain quires Atg1 to be recruited to the PAS (Shintani et al.,
expressing atg1ts showed no processing defect relative 2001); moreover, a direct interaction between Atg2 and
to wild-type cells when cells where grown at 23C, but Atg9 is essential to target Atg2 to membranes (Wang et
a complete transport block when incubated at restrictive al., 2001). We investigated the role of Atg2 in the cycling
temperature (Figure 3A). We concluded that the Atg1ts of Atg9 and Atg23 through the PAS by deleting ATG2
protein is quickly inactivated by a temperature shift to in cells expressing Atg23-GFP or Atg9-YFP and CFP-
37C. Atg8. In atg2 mutants, Atg9 was restricted to the PAS,
The Atg1ts-expressing plasmid was then transformed as demonstrated by colocalization with CFP-Atg8 (Fig-
into ATG23-GFP atg1 and ATG9-YFP atg1 cells, re- ure 4, data not shown). Thus, a possible explanation of
spectively. At the permissive temperature of 23C, the Atg9 cycling defect in atg1 mutants is the inability
Atg23-GFP and Atg9-YFP exhibited normal localization of these cells to recruit Atg2 to the PAS. Based on this
and displayed multiple punctate dots (Figure 3B). Fol- result, we hypothesized that other mutants defective in
lowing a shift to the restrictive temperature of 37C, both Atg2 recruitment should also demonstrate PAS restric-
fluorescent chimeras disappeared from the peripheral tion of Atg9. Accordingly, we analyzed the localization
structures and were restricted to the PAS within 60–90 of Atg9-YFP in the atg18mutant, which also lacks Atg2
min. Following a shift back down to the permissive tem- at the PAS (Guan et al., 2001). As shown in Figure 4,
perature, Atg23-GFP and Atg9-YFP regained normal lo- Atg9-YFP was restricted to the PAS, marked with CFP-
calization within a further 60–90 min. The speed of the Atg8 (data not shown), in the absence of Atg18. Interest-
change in localization in the atg1ts mutant at the restric- ingly, the localization of Atg23-GFP was unaltered in the
tive temperature supports the hypothesis that the re- same mutant backgrounds (Figure 4).
striction of both Atg23 and Atg9 to the PAS in atg1 The sole yeast PtdIns 3-kinase, Vps34, is found in two
cells is a direct result of the loss of Atg1 function. More- distinct tetrameric complexes that contain two other
over, the dynamic Atg9 and Atg23 redistribution indi- common components: Vps15 and Vps30/Atg6 (Kihara
cates that these proteins are able to assemble and dis- et al., 2001). These two complexes have been named
assemble at the PAS in a manner that may indicate complex I and II, and each one has a fourth subunit
cycling. that is specific, Atg14 and Vps38, respectively (Burda
et al., 2002; Kihara et al., 2001). Complex I generates
PtdIns(3)P at the PAS and is essential for autophagyAtg1 Kinase Activity Is Required for the Cycling
of Atg23 in Rich Medium and the Cvt pathway (Kihara et al., 2001; Kim et al., 2002;
Nice et al., 2002). Complex II produces the PtdIns(3)PThere is some controversy as to the role of Atg1 kinase
activity in the Cvt pathway and autophagy (Abeliovich population found on late endosomes, which is required
to assure Prc1 transport (Burda et al., 2002; Kihara etet al., 2003; Kamada et al., 2000). Conflicting reports
suggest that high Atg1 kinase activity is needed only al., 2001). Interestingly, Atg2 is not correctly recruited
to the PAS in atg14 and atg6 cells (Shintani et al.,for autophagy (Kamada et al., 2000) or the Cvt pathway
(Abeliovich et al., 2003); however, there is agreement 2001). In addition, Atg18 binds PtdIns(3)P; in the ab-
sence of this lipid, it loses its association with mem-that some level of kinase function appears to be required
for the Cvt pathway. We decided to explore if Atg23 branes (P.E.S. and D.J.K., submitted). Because of these
observations, we decided to explore the trafficking ofand Atg9 trafficking was influenced by the previously
characterized ATG1 kinase dead mutant (Abeliovich et Atg23-GFP and Atg9-YFP in the atg14 and vps38
strains. The Atg9 and Atg23 localization patterns wereal., 2003; Kamada et al., 2000). The plasmid expressing
ATG1 with a lysine-to-alanine substitution at position not affected by the absence of Vps38 (Figure 4). While
Atg23 localization was also unchanged in atg14 cells,54 (K54A) was transformed into ATG23-GFP atg1 and
ATG9-YFP atg1cells, which were grown in rich medium Atg9 was mostly concentrated at the PAS, but some
additional very faint punctate structures were observedor subjected to nitrogen starvation, and imaged by fluo-
rescent microscopy. Atg9-YFP distribution was unaf- in the cytoplasm (Figure 4). Two hypotheses can explain
the origin of these punctate structures. First, the PtdInsfected by the absence of Atg1 kinase activity in both
media conditions (Figure 3C). Interestingly, the same 3-kinase complex I is also required for an early event
of PAS organization (Suzuki et al., 2001), suggesting thatpoint mutation completely disrupted Atg23-GFP cycling
Atg9 and Atg23 Cycling
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Figure 3. Redistribution of Atg9-YFP and Atg23-GFP Occurs Rapidly upon Atg1 Inactivation
(A) Atg1ts is quickly inactivated at restrictive temperatures. Wild-type (SEY6210) and the atg1 mutant (WHY1) carrying the ATG1ts allele on a
plasmid were pulse-labeled for 7 min and subjected to a nonradioactive chase for 2 hr at either permissive or restrictive temperatures in SMD
medium. Ape1 was then immunoprecipitated and resolved by SDS-PAGE.
(B) Atg9 and Atg23 can assemble at, and disperse from, the PAS. The atg1 strain expressing either Atg9-YFP (FRY138) or Atg23-GFP (KTY29)
was transformed with a plasmid bearing ATG1ts. Cells were grown in SMD selective medium at 24C to OD600  0.8, shifted to 37C for 60–90
min, then shifted back to 24C for 60–90 min. Before each temperature shift, cells were imaged by fluorescence microscopy.
(C) Atg1 kinase activity is required for Atg23 redistribution but not Atg9 trafficking. The atg1 strain expressing either Atg9-YFP (FRY138) or
Atg23-GFP (KTY29) was transformed with either an empty plasmid (pRS415), one carrying wild-type ATG1 (WT), or one encoding inactive
Atg1 kinase (Atg1K54A). Cells were grown in SMD selective medium to OD600  0.8 or nitrogen starved for 2 hr before imaging.
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Figure 4. Atg9-YFP, but Not Atg23-GFP, Cy-
cling Requires Atg2, Atg18, and the PtdIns
3-Kinase Complex I
Several Atg components are essential for
proper Atg9 cycling. Integrated Atg9-YFP
and Atg23-GFP chimeras were visualized by
fluorescence microscopy in the following
deletion strains: atg2 (KTY54 and KTY46),
atg18 (KTY91 and KTY44), atg14 (FRY178
and KTY33), and vps38 (FRY202 and
FRY203).
these structures may be some of the Atg9-containing our experiments, we generated an atg2 strain express-
ing both Atg18-GFP and RFP-Ape1. Cells were collectedcompartments that are unable to be correctly assem-
bled. Second, some of the PtdIns(3)P produced by the and resuspended in water for imaging after growth in
rich medium or following nitrogen starvation for 1 hr. InPtdIns 3-kinase complex II reaches the PAS and is suffi-
cient to catalyze the retrieval of a population of Atg9. both conditions, it was clear that in some cells one of the
punctate structures containing Atg18-GFP colocalizedInterestingly, the absence of Atg14 did not affect Atg23-
GFP distribution (Figure 4). Thus, while Atg23 and Atg9 with RFP-Ape1, the fusion protein employed to identify
the PAS (Figure 5A; Shintani et al., 2002). We concludedboth cycle through the PAS in a manner dependent on
the Atg1-Atg13 complex, the correct trafficking of Atg9 that indeed some Atg18 localizes to the PAS. In some
cases, the Atg18-GFP and RFP-Ape1 punctate struc-requires the additional presence of Atg2, Atg18, and the
PtdIns 3-kinase complex I. These components are also tures were very close, resulting in a partial overlapping
of the fluorescent signal.required for this Atg9 recycling during starvation condi-
tions (data not shown). Atg1 is necessary to recruit Atg2 to the PAS, and Atg2
recruitment also requires the presence of Atg18 (Guan
et al., 2001; Shintani et al., 2001), but the potential actionAn Atg18 Pool Localizes to the PAS Independent
of Atg1 and Can Interact with Atg9 of Atg1 on Atg18 remains unclear; it might bring in prox-
imity a preexisting PAS-bound pool of Atg18 and Atg9,Atg18 is a peripheral membrane protein distributed on
the vacuole surface and in a few punctate structures or it might recruit cytosolic Atg18 to a preexisting PAS-
bound pool of Atg9 and PtdIns(3)P. In order to under-dispersed in the cytoplasm (Guan et al., 2001). Our data
seemed to indicate that part of Atg18 localized to the stand the effects of Atg1 on the PAS-bound pool of
Atg18, ATG1 was deleted in the atg2 strain previouslyPAS, but that has never been formally demonstrated.
Confirmation of the PAS localization of Atg18 by fluores- used to demonstrate the presence of Atg18 at the PAS.
As shown in Figure 5A, some of the Atg18-GFP-con-cence microscopy is rendered difficult by the fact that
only a small amount of Atg18 may be at the PAS at any taining punctate structures colocalized with RFP-Ape1
in an atg1 atg2 strain, indicating that Atg1 is notgiven time, and its signal may be masked by the more
intense signals generated by the other pools. In order required to recruit Atg18 to the PAS. However, our ex-
periments cannot exclude the possibility that Atg1 in-to facilitate the visualization of the PAS-bound Atg18, we
introduced two technical modifications. First, because creases the Atg18 pool at the PAS. Identical results
were obtained with cells either grown in rich medium ornormal Atg9 retrieval requires Atg2 recruitment by
Atg18, we thought that the absence of Atg2 might cause nitrogen starved for 1 hr (data not shown).
Having established that a small Atg18 pool localizesa block of the normal progression of events and lead to
Atg18 accumulation at the PAS. Second, washing cells to the PAS, we decided to investigate biochemically if
this protein was able to bind Atg9, and if Atg1 and Atg2with water prior to imaging promotes Atg18 release from
the vacuole surface, reducing the masking of the signal were required for this interaction. Wild-type, atg1, and
atg2 strains expressing the Atg9-protein A (PA) fusionof the PAS-bound Atg18 (unpublished data). To perform
Atg9 and Atg23 Cycling
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Figure 5. An Atg18 Pool Localizes to the PAS Independently of Atg1 and Can Interact with Atg9
(A) Atg18 recruitment to the PAS does not depend on Atg1. The atg2 and atg1 atg2 strains expressing both Atg18-GFP and RFP-Ape1
(PSY273 and FRY195) were grown to OD600  0.8, washed with water, and then imaged with a fluorescence microscope.
(B) Atg9 requires Atg1 and Atg2 to interact with Atg18. Wild-type (FRY172), atg1 (FRY196), and atg2 (FRY193) cells expressing Atg9-PA
were used to prepare detergent-solubilized extracts as described in the Experimental Procedures. IgG-Sepharose beads were used to affinity
purify (Aff. Pur.) the PA fusions together with the associated proteins. Eluted polypeptides were separated by SDS-PAGE and then visualized
by immunoblotting with antiserum to PA, Atg18, and Pgk1. For each experiment, 0.013% of the total lysate or 4.45% of the total eluate was
loaded per gel lane. Wild-type cells expressing PA alone were use as a control for nonspecific binding.
were created. These cells were then converted to sphe- Atg1 and Atg14 Independently Associate
with PAS Membranesroplasts and lysed, and the PA chimera isolated using
IgG-sepharose beads. Bound complexes were released Atg14, a component of the PtdIns 3-kinase complex I,
and Atg1 localize to the PAS (Kim et al., 2002; Suzukifrom the sepharose by eluting with a low pH buffer, and
the presence of Atg9-PA, Atg18, and Pgk1 was tested et al., 2001). There are two mechanistic models that
would describe the action of those two factors on Atg9by immunoblotting. As shown in Figure 5B, Atg18 was
selectively pulled down by the Atg9-PA fusion, demon- recycling. In the first model, Atg1 and Atg14 are on the
PAS surface, and at a certain moment, probably whenstrating an interaction between these two proteins. The
presence of Atg18 in the eluates was not caused by the double-membrane vesicle is completed, they coor-
dinately induce Atg9 retrieval. In the second model, ei-nonspecific binding to the IgG-sepharose or PA because
the abundant cytosolic Pgk1 was not detected in the ther Atg1 or Atg14 binds the PAS membrane first; this
protein then allows the recruitment of the other proteinsame samples and PA alone did not pull down Atg18.
Interestingly, in the absence of either Atg1 or Atg2, the in the first step of a series of events that assembles the
remaining components required for Atg9 transport. Ininteraction between Atg9-PA and Atg18 was abolished
(Figure 5B). We concluded that Atg1 and Atg2 are neces- order to distinguish between the models, Atg1-GFP and
Atg14-GFP fusions were analyzed in atg14 and atg1sary to promote Atg18 binding to Atg9.
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Figure 6. Atg1 and Atg14 Associate with PAS
Membranes Independent of Each Other
An integrated Atg14-GFP fusion was ana-
lyzed in wild-type and atg1 backgrounds
(PSY142 and FRY180) while an integrated
Atg1-GFP chimera was visualized in wild-
type and atg14 strains (PSY143 and
FRY181). Cells were grown to mid-log phase
and then imaged.
cells, respectively. Both chimeras were normally present 2A). Atg1 and Atg13 form a transient complex presumed
to be the core of the switching machinery regulating theat the PAS in both wild-type and deletion strains (Figure
6). Identical images were obtained with nitrogen-starved conversion between the Cvt pathway and autophagy
(Abeliovich et al., 2003; Kamada et al., 2000; Scott et al.cells (data not shown). This result indicates that the
PtdIns 3-kinase complex I, and Atg1, are recruited to 2000). This complex is able to interact with other ATG
gene products such as Atg11, Vac8, and Atg17, but boththe PAS independent of each other. That also suggests
that Atg1 and the PtdIns 3-kinase complex I are simulta- Atg9 and Atg23 were localized normally in the corre-
sponding deletion mutants (George et al., 2000; Kamadaneously required to induce Atg9 retrograde transport
from this structure. et al., 2000; Kim et al., 2001; Figure 2C).
The fact that the restricted localization of Atg23 and
Atg9 occurred rapidly upon shifting to the nonpermis-Discussion
sive temperature in the atg1ts mutant demonstrated that
the result in atg1 cells was not due to secondary effectsAtg1 and Atg13 Are Essential for Atg9 and Atg23
Cycling through the PAS resulting from the chronic loss of the ATG1 gene (Figure
3). In addition, this conditional allele also allowed us toAtg9, essential for the Cvt pathway and autophagy, lo-
calizes to the PAS but is not found on completed auto- demonstrate that the Atg9- and Atg23-containing struc-
tures can rapidly assemble and disassemble at the PAS.phagosomes (Kim et al., 2002; Noda et al., 2000; Suzuki
et al., 2001). As an integral membrane protein, Atg9 This dynamic reorganization probably reflects a normal
physiological situation, as Atg9 can be often seen as acannot simply dissociate from lipid bilayers but should
be retrieved by vesicular traffic prior to the completion single punctate dot in wild-type cells (Kim et al., 2002;
Noda et al., 2000; Figure 1). Our estimated time for thisof autophagosomes or their fusion with the vacuole. The
fact that only a subset of cellular Atg9 localizes to the morphological rearrangement is 60–90 min, probably
reflecting the kinetics of the Cvt pathway (Klionsky etPAS, the rest being dispersed in the cytosol in small
punctate structures, supports this idea of recycling (Kim al., 1992).
et al., 2002; Noda et al., 2000; Figure 1). Recycling of
specific protein components by retrograde transport
has been well documented in many trafficking systems. Atg2, Atg18, and the PtdIns 3-Kinase Complex I
Are Required for Atg9, but Not Atg23,For example, COPI components are now considered to
be involved primarily in retrograde retrieval from the Cycling through the PAS
Atg2 has been shown to be a peripheral membraneGolgi complex (Pelham, 2001; Pelham and Rothman,
2000; Shorter and Warren, 2002). Similarly, the sorting protein that requires Atg1, Atg18, the PtdIns 3-kinase
complex I, and Atg9 to be recruited to the PAS (Guannexins and retromer complexes function as recycling
machinery for retrieval from the yeast early and late et al., 2001; Shintani et al., 2001; Wang et al., 2001).
Atg9 was restricted to the PAS in mutants, namely atg1,endosomes, respectively (Hettema et al., 2003; Seaman
et al., 1998). At present, however, there has been no atg18, and atg14, which are unable to recruit Atg2 to
lipid bilayers. Thus, to our knowledge, this is the firstdemonstration of recycling in the Cvt or autophagic
pathways. Our current results suggest that Atg9 cycles report that implicates other Atg proteins in regulating
the itinerary of Atg9. Interestingly, Atg23 had normalbetween the PAS and other, as yet undefined, punctate
structures. Atg23, a peripheral membrane protein re- localization in the same mutant backgrounds (Figure
4). This difference indicates that only Atg9 traffickingquired for the Cvt pathway and efficient autophagy, has
a localization pattern similar to that of Atg9 (Tucker et requires extra factors in addition to the Atg1-Atg13 com-
plex. Because Atg1 is essential to promote Atg18-Atg9al., 2003; Figure 1). When double-membrane vesicles
fuse with the vacuole, Atg23 does not reside on the interaction, the Atg18 protein is required to recruit Atg2
to the PAS, and all three proteins are necessary forsurface or in the interior of this organelle, implying that
it is likewise recycled (Tucker et al., 2003). the normal localization of Atg9, we propose a model
to explain how Atg9 and Atg23 cycle through the PASTo better understand Atg23 and Atg9 trafficking and
the relationship between their two populations, fluores- (Figure 7).
The PtdIns(3)P generated by the PtdIns 3-kinase com-cent fusions of these two proteins were analyzed in a
variety of mutant backgrounds. Atg9 and Atg23 became plex I is present at the PAS at an early stage of double-
membrane vesicle assembly (Suzuki et al., 2001). Therestricted to the PAS in atg1 and atg13 cells (Figure
Atg9 and Atg23 Cycling
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probably achieved by simultaneously binding Atg9 and
Atg18 (Wang et al., 2001; P.E.S. and D.J.K., unpublished
data). This series of events is consistent with both our
fluorescent data and the biochemical evidence that
Atg18 does not bind Atg9 in the absence of Atg1 and
Atg2 (Figure 5B). It remains to be established how the
Atg1-Atg13 complex regulates this event, but we have
at least excluded the involvement of Atg1 kinase activity
(Figure 3C). This information is consistent with previous
data indicating that Atg2 recruitment to the PAS is also
Atg1 kinase independent (Shintani et al., 2001). The cy-
cling of Atg23, in contrast, requires the Atg1-Atg13 com-
plex but not Atg18, Atg2, or PtdIns 3-kinase complex I
(Figure 7), but it is unknown if additional factors are
required. Atg23 recycling is potentially a less compli-
cated event, as this factor is a peripheral protein and
can directly associate with and dissociate from lipid
bilayers. Another difference from Atg9 is that Atg23 re-
distribution depends on Atg1 kinase activity, at least in
rich medium (Figure 3C). Because Atg23 is not essential
for autophagy but is necessary for the Cvt pathway, our
result provides an explanation as to why Atg1 kinase
activity seems to be only essential for this latter trans-
port route (Abeliovich et al., 2003; Tucker et al., 2003).
Why does Atg9 need additional components for its
recycling? Transmembrane proteins often require extra
factors, called adaptor proteins, to be efficiently incor-
porated into vesicles. Adaptor proteins permit the bind-
ing of cargo molecules to vesicle coats (Gorelick and
Shugrue, 2001; Kirchhausen, 1999, 2000), and frequently
require specific lipids such as phosphoinositides. In par-
ticular, PtdIns(3)P has been shown to participate in ini-
tiating retrograde traffic from endosomal compartments
in mammalian and yeast cells by recruiting proposed
adaptor proteins (Burda et al., 2002; Pelham, 2002;
Worby and Dixon, 2002). Thus, Atg9 retrieval is reminis-
cent of that of both the Vps10 receptor from late endo-
somes and the vSNARE Snc1 from early endosomes.
In the three situations, a PtdIns(3)P binding protein or
complex capable of interacting with the cargo molecule
(Atg18, retromer, or sorting nexins, respectively) triggers
the recycling process (Figure 7; Burda et al., 2002; Het-
Figure 7. Models for Atg9 and Atg23 Recycling from the PAS/Auto- tema et al., 2003). It is unknown if those adaptor proteins
phagosome are components of the vesicle coat or if they merely
The Atg1-Atg13 complex is on the PAS or Cvt vesicle/autophago- promote cargo recruitment. The two sorting nexins
some membrane, but it has been drawn separate from lipid bilayers Atg24/Cvt13/Snx4 and Atg20/Cvt20/Snx42, which par-
to make the models more clear.
ticipate in Snc1 recycling, are also necessary for Cvt(A) Atg9 retrieval transport. The Atg1-Atg13 complex promotes the
vesicle assembly, and the PtdsIns(3)P produced by theassociation of Atg2 and the PtdIns(3)P binding protein Atg18 with
PtdIns 3-kinase complex I is required for their associa-Atg9, once Atg9 function at the PAS or Cvt vesicle/autophagosome
has been completed. The formation of this complex initiates Atg9 tion with the PAS (Nice et al., 2002). Atg24 and Atg20,
retrieval transport from this structure. however, are not required for Atg9 retrograde transport
(B) Atg23 redistribution. The Atg1-Atg13 complex, employing its (unpublished data). One possible explanation is that
Atg1 kinase activity, stimulates Atg23 recycling. Then Atg23 reaches these two factors are the adaptor proteins for other
some cytosolic punctate structures, but it remains unclear if that
components involved in Cvt vesicle assembly that haveredistribution is mediated by vesicular traffic or by association/dis-
to be retrieved from either the PAS or the complete Cvtsociation reactions. Atg23 exists in both soluble and peripheral (non-
vesicle. This hypothesis would be reminiscent of thePAS) punctate pools. The cycling pattern between these two pools
and the population of Atg23 at the PAS is not known and is indicated recycling route from the early endosomes where Atg24
by dashed lines. and Atg20 are essential for Snc1 transport but not for
that of chitin synthase III, Chs3, another cargo molecule
of this pathway (Hettema et al., 2003).
Atg1-Atg13 complex, localizing to the PAS indepen- Atg9 is the only currently characterized transmem-
dently of the PtdIns 3-kinase complex I (Figure 6), initi- brane protein involved in the formation of double-mem-
ates retrieval of Atg9 by inducing its interaction with brane vesicles, and some have speculated that it may
mark the membrane to be donated to those structuresAtg18 and Atg2. The association of Atg2 to the PAS is
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Table 1. Strains used in this study
Name Genotype Reference
SEY6210 MAT ura3-52 leu2-3,112 his3-200 trp1-901 lys2-801 suc2-9 mel GAL (Robinson et al., 1988)
WHY1 SEY6210 atg1::HIS5 S.p. (Shintani et al., 2002)
FRY134 SEY6210 ATG9-YFP::HIS3 S.k. promCFPAtg8::URA3 This study
FRY138 SEY6210 ATG9-YFP::HIS3 S.k. atg1::URA3 This study
FRY172 SEY6210 ATG9-PA::TRP1 pep4::LEU2 This study
FRY178 SEY6210 ATG9-YFP::HIS3 S.k. atg14::TRP1 This study
FRY180 SEY6210 ATG14-GFP::HIS3 S.k. atg1::URA3 This study
FRY181 SEY6210 ATG1-GFP::HIS3 S.k. atg14::TRP1 This study
FRY193 SEY6210 ATG9-PA:: TRP1 atg2::HIS5 S.p. pep4::LEU2 This study
FRY195 SEY6210 ATG18-GFP::HIS3 S.k. mRFP-APE1::URA3 atg2::TRP1 atg1::KAN This study
FRY196 SEY6210 ATG9-PA:: TRP1 atg1::URA3 pep4::LEU2 This study
FRY202 SEY6210 ATG9-YFP::HIS3 S.k. vps38::URA3 K.l. This study
FRY203 SEY6210 ATG23-GFP::TRP1 vps38::URA3 K.l. This study
KTY26 SEY6210 ATG23-YFP::HIS3 S.k. This study
KTY29 SEY6210 ATG23-GFP::KAN atg1::URA3 (Tucker et al., 2003)
KTY33 SEY6210 ATG23-GFP::HIS3 S.k. atg14::URA3 This study
KTY34 SEY6210 ATG23-GFP::TRP1 atg11::HIS3 This study
KTY43 SEY6210 ATG23-GFP::KAN vac8::URA3 This study
KTY44 SEY6210 ATG23-GFP::KAN atg18::LEU2 This study
KTY45 SEY6210 ATG23-GFP::TRP1 atg13::LEU2 This study
KTY46 SEY6210 ATG23-GFP::TRP1 atg2::URA3 This study
KTY53 SEY6210 ATG9-YFP::HIS3 S.k. atg11::URA3 This study
KTY54 SEY6210 ATG9-YFP::HIS3 S.k. atg2::HIS5 This study
KTY55 SEY6210 ATG9-YFP::HIS3 S.k. vac8::URA3 This study
KTY74 SEY6210 ATG9-PA::HIS3 S.k. ATG23-HA::TRP1 This study
KTY79 SEY6210 ATG9-PA::HIS3 S.k. ATG23-HA::TRP1 atg1::URA3 (Tucker et al., 2003)
KTY89 SEY6210 ATG9-YFP::HIS3 S.k. atg17::KAN This study
KTY90 SEY6210 ATG9-YFP::HI3 S.k. atg13::LEU2 This study
KTY91 SEY6210 ATG9-YFP::HIS3 S.k. atg18::LEU2 This study
KTY92 SEY6210 ATG23-GFP::TRP1 atg17::HIS5 S.p. This study
KTY93 SEY6210 ATG23-YFP::HIS3 S.k. atg1::URA3 This study
PSY142 SEY6210 ATG14-GFP::HIS3 S.k. This study
PSY143 SEY6210 ATG1-GFP::HIS3 S.k. This study
PSY273 SEY6210 ATG18-GFP::HIS3 S.k. mRFP-APE1::URA3 atg2::TRP1 This study
(Noda et al., 2000). The origin of this engulfing membrane organelle by a mechanism that excludes cellular mem-
is one of the biggest unsolved questions about the Cvt brane components (Suhy et al., 2000).
pathway and autophagy. It is possible that Atg23 and As the Atg1-Atg13 complex is the central core of the
Atg9 function coordinately at the unidentified membrane Atg machinery and interacts with several of its compo-
sources, possibly to mediate membrane delivery during nents, it probably dictates the succession of steps re-
double-membrane vesicle assembly. In order to identify quired for the correct double-membrane vesicle assem-
the origin of the lipid bilayers, we tried to colocalize bly. It is tempting to speculate that the last event
Atg9 and Atg23 peripheral pools with proteins concen- catalyzed by this complex at the final stages of double-
trated to other yeast punctate structures such as Golgi membrane vesicle completion is the retrieval of certain
compartments, or early and late endosomes by subcel- proteins. The decision of when this retrograde transport
lular fractionation techniques and fluorescence micros- route is induced may ultimately determine the size of
copy. We did not observe any clear overlapping distribu- those structures, for example, Cvt vesicle versus auto-
tion with defined organelle markers (Kim et al., 2002; phagosome. Interestingly, it has been indicated that
F.R. et al., submitted; unpublished data). This is consis- Atg1, Atg13, and Atg2 function at a late stage of double-
tent with the previous analysis by immuno-electron mi- membrane vesicle formation, consistent with our model
croscopy of Atg9 distribution, which showed that this (Suzuki et al., 2001). The phenotypes of atg18 cells put
protein is clustered around an unidentifiable membrane
this factor in the same protein group (Guan et al., 2001).
(Noda et al., 2000). The elusiveness of the origin of this
The analysis of Atg23 and Atg9 has revealed that inengulfing membrane is probably due to the fact that it
addition to association and dissociation reactions, theis derived from either a new subcellular structure or a
PAS protein composition is also regulated by retrogradespecialized compartment of an organelle from which
traffic. We have ordered the series of steps that triggercommon protein markers are excluded. For example,
this transport route. In particular, we have demonstratedthe endoplasmic reticulum is a likely possibility as it has
that one of the roles of the Atg1-Atg13 complex is tobeen implicated in providing membrane for autophago-
regulate the recycling of Atg23 and Atg9 from the PAS.some formation (F.R. et al., submitted; reviewed in Klion-
In addition, we have also assigned at least one molecularsky, 2004); however, it would not make sense for ER
function to Atg2, Atg18, and PtdIns 3-kinase complexresident proteins to remain associated with that part of
I, showing that they are required for proper Atg9 traffick-the lipid bilayer that has been committed to autophagy.
ing. Interestingly, our data about Atg18 localization andInterestingly, the viral proteins of the poliovirus induce
the formation of double-membrane vesicles from this about its interaction with Atg9 show, to our knowledge
Atg9 and Atg23 Cycling
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